Alcohol use is correlated within spouse-pairs, but it is difficult to disentangle 25 the effects of alcohol consumption on mate-selection from social factors or 26 cohabitation leading to spouses becoming more similar over time. We hypothesised 27 that genetic variants related to alcohol consumption may, via their effect on alcohol 28 behaviour, influence mate selection. 29
3 Introduction 48 Human mate choice is highly non-random; spouse-pairs are generally more 49 phenotypically similar than would be expected by chance [1] [2] [3] [4] [5] [6] . Previous studies 50 suggest that alcohol related phenotypes, ranging from consumption to alcohol 51 dependence, are highly correlated within spouse-pairs 7-13 . However, the extent to 52 which the spousal concordance is due to the effect of alcohol behaviour on mate 53 selection (assortative mating) is currently unclear. Indeed, the spousal concordance 54 may be related to assortment on other social and environmental factors (social 55 homogamy) or be a consequence of an individual's partner influencing their alcohol 56 behaviour after the individuals have paired up (partner interaction effects) or even 57 relate to spousal similarities influencing relationship length (relationship dissolution) 58 [11] [12] [13] . The mechanism explaining spousal concordance for alcohol consumption could 59 have important implications relating to human social and reproductive behaviour. 60 One biological mechanism that partially explains the phenotypic concordance 63 between spouse-pairs is that they are on average more genetically similar across the 64 genome than non-spouse-pairs 14 . Genotypes implicated in the aetiology of height, 65 education, blood pressure and several chronic diseases have been shown to be 66 correlated within spouse-pairs 15-18 . It is not known whether genetic variants 67 implicated in alcohol metabolism, via their effect on alcohol behaviour, contribute to 68 mate selection. 69
Alcohol behaviour has been shown to be highly heritable with estimates of 70 30-50% for alcohol use disorders 19 20 and a common variant heritability of 13% for 71 self-reported alcohol consumption 21 ; Genome-wide Association Studies (GWAS) 72 have identified more than 15 loci implicated in either the aetiology of alcohol 73 dependence [22] [23] [24] [25] [26] or alcohol consumption volume 21 24 27-29 . Notably, genetic variants 74 in the Alcohol Dehydrogenase (ADH) and Aldehyde Dehydrogenase (ALDH) gene 75 families are associated with differences in alcohol consumption 30 . For example, 76 ADH1B is involved in the production of enzymes that oxidise alcohol and so 77 individuals with certain alleles may find alcohol consumption unpleasant, resulting in 78 lower intake. Similarly, a genetic variant in ALDH2, rare in non-east Asian 79 populations, is associated with a "flush reaction" to alcohol 31 32 . 80
Alcohol consumption-related genetic variants can be useful to determine the 81 most likely explanation for the spousal phenotypic concordance for alcohol use, by 82 analogy with Mendelian randomization studies 33 34 . Genetic variants for alcohol 83 consumption are in theory less susceptible to confounding from socioeconomic and 84 behavioural factors than measured alcohol consumption so can be used to rule out 85 the possibility that social homogamy is driving the spousal phenotypic concordance 86 33 35 . The timing of the effects of alcohol consumption can be discerned by evaluating 87 the spousal genotypic concordance for alcohol use-related variants. Genotypic 88 concordance would imply that an effect exists prior to pairing, suggesting that some 89 degree of the spousal phenotypic concordance is attributable to assortative mating 90 (Figure 2) . 91
In this study we aimed to explore spousal similarities for alcohol consumption 92 using observational and genetic data. First, we estimated the association of an 93 individual's self-reported alcohol use with the self-reported alcohol use of their 94 partner. Second, we used a Mendelian randomization framework to estimate the 95 effect of an individual's alcohol use on their spouse's alcohol use. Here, we used 96 with the European subsample described above, household sharing information was 121 used to extract pairs of individuals who (a) report living with their spouse (6141-0.0), 122 centre (54-0.0) and (h) both have available genotype data. If more than two 128 individuals shared identical information across all variables, these individuals were 129 excluded from analysis. At this stage, we identified 52,471 potential spouse-pairs. 130
We excluded 4,866 potential couples who were the same sex (9.3% of the 131 sample), as unconfirmed same sex pairs may be more likely to be false positives. 132
Although sexual orientation data was collected in UK Biobank, access is restricted 133 for privacy/ethical reasons. To reduce the possibility that identified spouse-pairs are 134 in fact related or non-related familial, non-spouse pairs; we removed 3 pairs 135 reporting the same age of death for both parents (1807-0.0, 3526-0.0). Then we 136 constructed a genetic relationship matrix (GRM) amongst derived pairs and removed 137 53 pairs with estimated relatedness (IBD >0.1). To construct the GRM; we used a 138 pool of 78,341 markers which were derived by LD pruning (50KB, steps of 5 KB, 139 r2<0. Wales were removed because of schooling system differences, participants with a 159 college or university degree were classified with a leaving age of 21 years and 160 participants who self-reported leaving school when younger than 15 years were 161 classified with a leaving age of 15. Educational attainment was included as a 162 covariate in phenotypic analyses of spousal alcohol behaviour similarities as a 163 possible confounder. 164 165
Self-reported alcohol variables 166
At baseline, study participants completed a questionnaire. Participants were 167 asked to describe their current drinking status (never, previous, current, prefer not to 168 say) (ID: 20117-0.0) and estimate their current alcohol intake frequency (daily or 169 almost daily, three or four times a week, once or twice a week, one to three times a 170 month, special occasions only, never, prefer not to say) (ID: 1558-0.0). Individuals 171 reporting a current intake frequency of at least "once or twice a week" were asked to 172 estimate their average weekly intake of a range of different alcoholic beverages (red 173 wine, white wine, champagne, beer, cider, spirits, fortified wine) (ID: 1568-0.0, 1578-174 0.0, 1588-0.0, 1598-0.0, 1608-0.0). 175
From these variables, we derived three measures: ever or never consumed 176 alcohol (current or former against never), a binary measure of current drinking for 177 self-reported current drinkers (three or more times a week against less than three 178 times a week) and an average intake of alcoholic units per week, derived by 179 combining the self-reported estimated intakes of the different alcoholic beverages 180 consumptions across the five drink types, as in a previous study 21 . The 181 questionnaire used the following measurement units for each of the five alcoholic 182 drink types: measures for spirits, glasses for wines and pints for beer/cider which 183 were estimated to be equivalent to 1, 2 and 2.5 units respectively. Individuals 184 reporting current intake frequency of "one to three times a month", "special 185 occasions only" or "never" (for whom this phenotype was not collected), were 186 assumed to have a weekly alcohol consumption volume of 0. More information on 187 alcohol variables used in this study is contained in Supplementary 
Statistical analysis 197
Utilising genetic variation to disentangle spousal correlations 198
In general, the effects of genetic variation on a phenotype can be assumed to 199 be via the variant's effect on intermediary observable or unobservable phenotypes. 200
In the context of assortative mating, it is unlikely that individuals would assort based 201 directly on genotype but rather on an observed phenotype influenced by genetic 202 factors. Assuming that a phenotype is influenced by genetic factors G and individuals 203 assort on the phenotype such that the phenotypic correlation between spouses is Interpretation can be nuanced, as for example, it seems unlikely that an individual's 230 height could influence the height of their partner, but partner interaction effects are 231 highly plausible for alcohol behaviour. 232
Similarly, estimating the genotypic concordance between-spouses for variants 233 relating to a trait of interest can be used to improve mechanistic understanding. The 234 interpretation of genotypic concordance is comparable to that of Mendelian 235 randomization across spouses with two important distinctions. First, genotypic 236 concordance will not capture partner interaction effects as germline DNA is fixed for 237 both spouses prior to assortment. Second, concordance induced by assortment will 238 be further attenuated compared to a Mendelian randomization approach. We validated the application of a Mendelian randomization approach to 252 assortative mating using height as a positive control; genotypes influencing height 253 have previously demonstrated to be highly correlated between spouse-pairs 15 . As a 254 measure of genetically influenced height, we started with 382 independent SNPs, 255 generated using LD clumping (r 2 <0.001) in MR-Base 46 , from a recent Genome-wide 256
Association Study (GWAS) of adult height in Europeans 47 . 257
For the purposes of the Mendelian randomization analysis, we restricted 258 analyses to spouse-pairs with complete measured height data and genotype data. 259
First, we estimated the association between 378 SNPs (4 SNPs were unavailable in 260 the QC version of the data-set) and height in the same individual, using the spouse-261 pair sample with sex included as a covariate. Second, we estimated the association 262 between the 378 SNPs and spousal height. PLINK 48 was used to estimate the SNP-263 phenotype associations also including sex as a covariate. We then estimated the 264 effect of a 1 cm increase in an individual's height on their partner's height using the 265 TwoSampleMR R package 46 and the internally derived weights described above. 266
The fixed-effects Inverse-Variance Weighted (IVW) method was used as the primary 267 analysis. Cochran's Q test and the I 2 statistic were used to test for heterogeneity in 268 the fixed-effects IVW 49 
Phenotypic spousal concordance for self-reported alcohol behaviour 282
To evaluate the phenotypic concordance on alcohol use we compared self-283 reported alcohol behaviour between spouses. We estimated the spousal 284 concordance for the two binary measures (ever or never consumed alcohol, three or 285 more times a week) using a logistic regression of the relevant variable for an 286 individual against the relevant variable for their partner, adjusting for sex, age and 287 partner's age. In addition, we included recruitment centre, height and education (of 288 both spouses) in the model as potential confounders. Similarly, linear regression was 289 used to estimate the spousal-concordance for continuous weekly alcohol 290 consumption volume, adjusting for the same covariates. Spouse-pairs with any 291 missing phenotype data, or where one or more spouses reported their weekly 292 alcohol consumption volume to be more than five standard deviations away from the 293 mean (calculated using the sample of individuals with non-zero weekly drinking) 294
were removed from relevant analyses. With one unique phenotype pairing within 295 couples (male alcohol variable/ female alcohol variable), each individual in the data-296 set was included only once as either the reference individual or their partner. 297
Mendelian randomization: Genetically influenced alcohol consumption volume and 298
self-reported alcohol consumption of partner 299
We then applied the Mendelian randomization framework to investigate if an 300 individual's genotype at rs1229984 in ADH1B affects the self-reported alcohol 301 consumption volume of their partner. Given the rarity of individuals homozygous for 302 the minor allele in European populations, the MAF is 2.9% in the 1000 Genomes 303 CEU population 40 , we first determined whether an additive or a dominant model (as 304 used in previous studies 45 53 ) was most appropriate for the SNP by comparing the 305 association of genotype at rs1229984 with self-reported weekly alcohol consumption 306 in the European and British samples. We found strong evidence to suggest that the 307 SNP has an additive effect on alcohol consumption ( Supplementary Table 2 ) and 308 assumed this model in all relevant analyses. 309
For the Mendelian randomization analysis, we restricted analysis to spouse-310 pairs where both members had genotype data, and one or more members had self-311 reported alcohol consumption volume. First, we estimated the association of the 312 rs1229984 genotype with alcohol consumption in the same individual after adjusting 313 for sex, age, centre and the first 10 principal components of the reference individual. 314
Second, we estimated the association between rs1229984 and spousal alcohol 315 consumption after adjusting for sex, age (of both spouses), centre and the first 10 316 principal components of both spouses. PLINK 48 was used to estimate the SNP-317 phenotype associations. We then estimated the effect of a 1 unit increase in an To evaluate the possibility of population stratification, we investigated the association 332 of both the SNP and self-reported alcohol consumption with genetic principal 333 components and birth coordinates. As a sensitivity analysis, we also restricted the 334 sample to a more homogeneous sample of British individuals, provided by the UK 335
Biobank, and repeated analyses. 336
We then estimated the genotypic concordance between derived spouse-pairs 337 for rs1229984 genotype using linear regression. As a sensitivity analysis, we then 338 investigated the possibility that spousal-concordance for rs1229984 was driven by 339 fine-scale assortative mating due to geography, which is itself associated with 340 genetic variation within the UK 54 55 . For this, we restricted the sample to include only SNPs, and estimates were consistent across the weighted median, weighted modal 382 and MR-Egger estimators with the MR-Egger intercept test finding no strong 383 evidence for directional pleiotropy ( Table 1) . 384 Supplementary Table 3 ). Evidence was found of allele frequency differences for 440 rs1229984 between the two samples (Chi 2 =445, P<10 -16 ) suggesting that population 441 substructure differences may explain the HWE results. 442
The SNP was found to be strongly associated with both genetic principal 443 components and birth coordinates in both samples. In the less restrictive European 444 sample, each additional major allele of rs1229984 was associated with being born 445 24.6 miles farther north (95% C.I. 22.2, 27.0) and 13.3 miles farther west (95% C.I. 446 12.1, 14.5). The SNP was similarly associated with principal components and birth 447 coordinates in the sample of British descent although there were differences in effect 448 estimates between the two samples ( Supplementary Table 4 ). We also found 449 strong evidence that self-reported alcohol consumption is strongly associated with 450 birth coordinates and principal components in both samples concordant directionally 451 with the SNP associations ( Supplementary Table 5 ). 452
Genotypic concordance 453
Amongst 47,549 spouse-pairs, strong concordance was observed for the 454 genotype of rs1229984. Each additional copy of the major rs1229984 allele was 455 associated with an increased number of major alleles in their partner (Beta 0.019; 456 95% C.I. 0.010, 0.028; P=5.0x10 -5 ). 457
As a sensitivity analysis, we restricted the sample to 28,653 spouse-pairs 458 born within 100 miles of each other and stratified spouse-pairs by the 22 different UK 459
Biobank recruitment centres. In this sample, we did not find strong evidence that 460 birth location differences were associated with similarities in alcohol behaviour or 461 rs1229984 genotype, contrasting with clear evidence of associations in the full 462 spouse-sample. However, we did find evidence that genomic principal component 463 differences were associated with spousal similarities for these variables, likely 464 reflecting the fine-scale population structure of UK Biobank ( Supplementary Table  465 6). Of the 22 centres, 2 centres were omitted from the meta-analysis because the 466 limited sample sizes led to convergence issues in regression. A fixed-effects meta-467 analysis was then used to estimate the spousal-concordance across the remaining 468 20 centres and 28,615 spouse-pairs. Evidence was found of spousal concordance 469 for rs1229984 (Beta 0.016; 95% C.I. 0.004, 0.028; P=0.011), consistent with the 470 previous analysis. Cochran's Q test for heterogeneity across the betas suggested no 471 strong evidence for heterogeneity (P= 0.34) across the different centres ( Table 2) . 472 476
Relationship length and spousal alcohol behaviour similarities 477
We did not find strong evidence that increased mean couple age, used as a 478 proxy for relationship length, was associated with more concordant spousal alcohol 479 behaviour. Per 1-year increase in couple mean age, spousal differences in terms of 480 weekly alcohol units consumed were 0.017 smaller (95% C.I. -0.040, 0.007, P=0.16). 481
In terms of genotypic differences at rs1229984, we found weak evidence that older 482 couples were more dissimilar at the locus. Per 1-year increase in couple mean age, 483 spousal allelic differences at rs1229984 were 0.0004 larger (95% C.I. 0.0000, 484 0.0009; P=0.035). 485 486
Discussion

487
In this study, we used a large sample of derived spouse-pairs in a UK-based 488 cohort to demonstrate that an individual's self-reported alcohol use and their 489 genotype for an alcohol implicated variant, rs1229984 in ADH1B, are associated with 490 their partner's self-reported alcohol use. Furthermore, we showed that the genotype 491 of the variant is concordant within spouse-pairs. There are several possible 492 explanations for our findings. First, that rs1229984 influences alcohol behaviour, 493 which has a downstream effect on mate selection. Second, that a participant's 494 alcohol use is influenced by their partner's alcohol use. Third, spouse-pairs with 495 more similar alcohol behaviour were more likely to remain in a relationship, and so 496 be present in our study sample. Fourth, that given the strong association of the SNP 497 with both genetic principal components and birth coordinates, the spousal 498 concordance is related to factors influencing social homogamy, independent of 499 alcohol behaviour, such as place of birth, ancestry or socio-economic status. Indeed, 500 the allele frequency of rs1229984 was found to deviate between European and 501 British subsets of the UK Biobank. 502 However, we presented evidence suggesting that a substantial proportion of 503 the spousal concordance is likely to be explained by the biological effects of the 504 variant on alcohol consumption in the index individual. Firstly, we have tested the 505 association between a causal SNP for alcohol consumption, and not the measured 506 consumption itself, thereby avoiding any post-birth confounding factors suggesting 507 that alcohol use has a direct effect on spousal alcohol use. Secondly, because 508 rs1229984 is concordant between spouses, there must be some degree of 509 assortment on alcohol consumption prior to cohabitation. Furthermore, we found little 510 evidence to suggest that the mean age of each spouse-pair, used as a proxy for 511 relationship length, was associated with alcohol behaviour similarities. These 512 findings suggest that the spousal concordance is unlikely to be due to relationship 513 dissolution after the age of 40. Thirdly, we accounted for possible effects of ancestral 514 factors, which could have induced confounding, by including principal components 515 as covariates in the Mendelian randomization analysis. Additionally, as a sensitivity 516 analysis, we conducted a within centre sensitivity analysis excluding spouse-pairs 517 born more than 100 miles apart, finding a consistent effect estimate. 518
The strong evidence for spousal-concordance on the variant has implications 519 for conventional Mendelian randomization studies (i.e. estimating the causal effect of 520 an exposure on an outcome) 33 which use the SNP as a genetic proxy for alcohol 521 intake 45 . Assortative mating could lead to a violation of the Mendelian randomization 522 assumption, that the genetic instrument for the exposure is not strongly associated 523 with confounders of the exposure-outcome relationship. If both genetic and 524 environmental factors affect alcohol consumption, then assortative mating on alcohol 525 consumption could contribute to associations between genetic and environmental 526 factors in the offspring, with the strength of association dependent on the degree of 527 assortative mating 58 . 528
Interestingly, the minor allele of rs1229984 (i.e. associated with lower alcohol 529 consumption) has been previously found to be positively associated with years in 530 education 45 and socio-economic related variables, such as the Townsend 531 deprivation index and number of vehicles in household 59 60 . Each copy of the minor 532 allele was associated with an additional 0.023 (95% C.I. 0.012 to 0.034, P=0.00005) 533 years of education and a 0.016 S.D. (95% C.I. -0.001 to 0.033, P=0.06) increase in 534 intelligence 61 62 . These associations may be down-stream causal effects of alcohol 535 consumption, which implies that some of the spousal concordance for alcohol 536 consumption could be explained by assortative mating on educational attainment 15 537 or alternatively these associations may reflect maternal genotype and intrauterine 538 effects 63 . Over time, assortative mating on alcohol consumption may further 539 strengthen the associations between rs1229984 and socio-economic related 540 variables 58 . Of further interest is that the variant has previously been shown to be 541 under selection 64 suggesting that the variant has historically had a substantial effect 542 on reproductive fitness and may partially explain the violation of HWE observed 543 across Europeans in our analyses. 544
The analyses in this study extended previous work on the concordance 545 between spouse-pairs for alcohol behaviour 7-12 by comparing the phenotypic 546 concordance with analyses utilising a genetic variant strongly associated with alcohol 547 consumption. A major strength of this study is the use of distinct methods with 548 different non-overlapping limitations, allowing for improved inference by triangulating 549 the results from the different methods 65 . First, we evaluated the spousal phenotypic 550 concordance for self-reported alcohol consumption, second we investigated the 551 effect of an individual's rs1229984 genotype on the alcohol consumption of their 552 spouse using Mendelian randomization, third we demonstrated spousal genotypic 553 concordance for rs1229984 and fourth we explored whether older couples have 554 more similar alcohol behaviour. The use of the UK Biobank data-set was a 555 considerable strength for these analyses because of the low frequency of the 556 rs1229984 minor allele; the large scale of the UK Biobank allowed for the 557 identification of thousands of genotyped spouse-pairs. A further strength of these 558
analyses is that we have demonstrated the utility of a Mendelian randomization 559 framework for application to assortative mating by applying it to height and alcohol 560 use. Indeed, the evidence for differences between the observational and Mendelian 561 randomization estimates for spousal height suggest that the observational estimate 562 may be inflated by confounding factors although differences could also be related to 563 the attenuated effects of phenotypic assortment on genetic associations. A similar 564 approach using polygenic risk scores has previously demonstrated assortative 565 mating on educational attainment 18 . However, the use of Mendelian randomization 566 has a notable advantage over polygenic approaches because of the possibility of 567 using various sensitivity analyses to test for heterogeneity and consistency of the 568 effect estimate 50-52 . 569
There are several limitations of this study. First, although spouse-pairs were 570 identified using similar methods to previous studies 15-17 , the identified spouse-pairs 571 have not been confirmed. However, the phenotypic spousal concordance estimate 572 for height found in this study is highly concordant with previous estimates 56 , 573 consistent with derived couples being genuine. Second, despite follow-up analyses, 574 it is difficult to definitively prove that the spousal concordance is a direct result of 575 assortative mating on alcohol consumption. Assortment independent of alcohol use, 576 potentially relating to ancestral or geographical factors, cannot be completely ruled 577 out and down-stream pleiotropic effects of the variant may influence mate selection. 578
Third, the use of a single genetic instrument in the Mendelian randomization 579 analysis, limited the use of sensitivity analyses 50-52 and meant it is not possible to 580 infer similar associations for other alcohol-implicated variants. Fourth, selection into 581 the UK Biobank, particularly with regards to participation of spouse-pairs is a 582 potential source of bias 66 . Fifth, it is unclear whether the mean age of each couple is 583 a suitable proxy for relationship length, which limits conclusions regarding the 584 possibilities of partner interactions and relationship dissolution. Indeed, patterns of 585 assortment on alcohol behaviour changing over time would confound the use of this 586 proxy. Finally, it is difficult to extrapolate the results of this study in the UK Biobank to 587 non-European populations. This is because of potential contextual influences; for 588 example, in some East Asian populations, males are much more likely to consume 589 alcohol than females 67 68 . Indeed, even within the UK, there may be regional 590 variation that we were unable to detect in this study. Additionally, there is some 591 evidence that the effect of genetic contributors to alcohol varies across different 592 populations 29 . 593
To conclude, our results suggest that there is non-random mating on 594 rs1229984 in ADH1B, likely related to the effect of the variant on alcohol behaviour. 595
These results suggest that alcohol use influences mate selection and argue for a 596 more nuanced approach to considering social and cultural factors when examining 597 causality in epidemiological studies. Further research investigating other alcohol-598 implicated variants, and other societies and ethnicities, and assortment on other 599 phenotypes, would strengthen these conclusions. 
